INTRODUCTION
What if there were no sulfur?
Suppose that although sulfur was in its correct place in the periodic system, Nature through some caprice had failed to provide a supply of the element on earth. Imagine In the present article I will discuss briefly our more recent experiences with sulfur starting with crown ethers that contain sulfur rather than the usual oxygen or nitrogen heteroatoms. This will be only a quick glance, however, and most of the article will deal with various aspects of the interaction between organic thiols and inorganic zinc in liver alcohol dehydrogenase. The ramifications of this work will bring me at the end of the chapter indirectly into catalytically active systems.
If the reader demands that these divergent topics must be held together by a unifying theme, then that is sulfur itself.
A large amount of the work presented here has been published or is in press. Leading references to the original work can be found through the references.
Thiocrown ethers
Sulfur is not oxygen. That trite truism lies behind, however, why, for example, 18-crown-6 and thio-18-crown-6 differ so greatly in their properties and behaviour. 5 I oversimplify but it is not incorrect to view these two compounds as respectively endodentate and exodentate as pictured.
structures 2 and 3
18-crown-6 (2) thio-18-crown-6 (3)
This comes about because the unit -OCH 2 CH 2 O-tends toward a gauche conformation whereas -SCH 2 CH 2 S-tends towards an anti conformation. 6 This causes the heteroatoms to be respectively inside and outside the macrocyclic rings. These effects are reinforced on complexation. The oxa compound 2 complexes ions inside the macrocycle whereas 3 tends (indeed a tendency rather than an absolute rule) to complex heavy metal ions (Ag, Rh, Pd, Ni, etc) on the outside of the macrocyclic ring. The latter process does not profit from cooperativity of bonding and as a result thiocrown ethers tend to be less potent as complexing agents. 7 We have learned how to make thiocrown ethers. The most general route is by means of cesium thiolates as indicated in general terms in eq. 2 and as shown for a specific example 4 in eq. 3. 8 THIOLS AND SULFIDES AS COMPLEXING AGENTS AND CATALYSTS 63 64 RICHARD M. KELLOGG equation (2) equation (3) This approach is broadly applicable and we have made numerous thiocrown ethers and have studied their complexing abilities and reactivity.
An interesting way, not available to oxa-and azacrown ethers, to achieve functionalization of the periphery of the macrocyclic chain is via the Peterson olefination reaction using a thioketal; the well-studied reactions of 1,3-dithiane are the model for how to do this. 9 An example of the synthesis of diene 5 followed by a Diels-Alder reaction to provide 6 is shown in eq. 4. Compound 7 is an interesting two site complexing agent.
equation (4) Compounds with nonlinear optical properties can be prepared as two site complexing agents. structure 7
Models for liver alcohol dehydrogenase
The preorganization intrinsic to a macrocyclic system has undisputed use to achieve encapsulation of a particular guest ion or molecule. The synthetic price must be paid, however. The use of nonmacrocyclic systems can be simpler and in many cases equally effective.
RICHARD M. KELLOGG
This can be illustrated with the catalytically active metal center of liver alcohol dehydrogenase (8) . The center is well known to involve in the resting state a Zn(II) ion coordinated to two cysteine residues, the imidazole of a histidine and a water molecule. This is illustrated in Fig. 1 together with the basic elements of the reactions catalyzed by liver alcohol dehydrogenase, namely oxidation of an alcohol to an aldehyde (ketone) or the reverse reduction of the aldehyde (or ketone).
The catalytic center behaves amphoterically. 10
FIGURE 1
The past several years we have been interested in constructing model compounds in which this coordination at Zn(II) is present. This is a challenge. Zinc thiolates are not monomeric; they tend to oligimerize to structures like 9 or [10a.Zn(II)] 2 . The thiolate bridges between two Zn(II) ions and the dimeric structures that are formed can oligomerize further.
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An example of some years ago of how to obtain a monomeric zinc thiolate is provided in eq. 5. 11 The formation of the dimer [10a.Zn(II)] 2 equation (5) is stopped on introduction of the very bulky fluorenyl groups; monomer 10b.Zn(II) is formed. Unfortunately the Zn(II) ion in 10b.Zn(II) is so protected that apparently nothing can reach it; we have seen no catalytic activity with this complex, our hope being to mimic the redox reactions summarized in eq. 6.
equation (6) The synthesis of ligands like 10a,b, which we refer to by the trivial name "pyridine dithiol", requires some comment.
In recent months we have concentrated on the synthesis of such compounds and we are now able to prepare these materials pretty much at will although the yields are not always as good as we would like. 12 Not only the dithiols but the diols and diamines are available by the synthetic approaches summarized in eq. 7. Far less work has been done on the reactions and reactivity.
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RICHARD M. KELLOGG equation (7) Particularly useful examples (more useful than the fluorenone used We hope that complexes like 11(X=S).Zn(II) will be active in the promotion of hydride transfer reactions like those given in generic terms in Fig. 1 . This would be direct mimicking of the action of the catalytically active zinc in liver alcohol dehydrogenase. Unfortunately at the time of writing no experiments in this direction have been carried out.
This work has, however, high priority and will soon be undertaken.
Pyridine thiols and diols are also inducers of the addition of diethyl zinc to benzaldehyde (eq. 10).
equation (10)
1) amino alcohol (thiol) (C 2 H 5 ) 2 Zn + C 6 H 5 CHO ---------→ → C 6 H 5 CH(OH)CH 2 CH 3 2) H ⊕ Both the singly armed alcohol 15a and thiol 15b are excellent inducers of the addition although only the alcohol leads to high enantiomeric induction. The doubly armed derivatives like 12 and 13 are very reactive but, as far as we have been able to ascertain, no 1-phenyl-1-propanol is formed. Clearly the Zn of diethyl zinc is trapped in a complex analogous to 10b.Zn(II) that is incapable of proceeding further as catalyst.
This postulation is based on a reasonable understanding of how pyridine thiols will induce the reaction of eq. 10. In earlier work we prepared ephedrine thiol 16 and pseudoephedrine thiol 17 by the route summarized in eq. 11. equation (11) Particularly 16 turned out to be a very good inducer of the addition of ( alcohols are used as inducers (eq. 13). 17 The latter reactions have been equation (13) thoroughly examined by Noyori and coworkers. On the basis of osmometric measurements we believe that oligomerization can proceed as far as cubane structure (19); the formation of this species probably lies at the heart of a significant positive nonlinear effect in asymmetric induction that has been observed. 16 A species like 10b.Zn(II), although monomeric, is apparently not capable of catalytic activity because it is no longer an alkyl zinc. The monomer (18) is still an alkyl zinc and complexes an extra equivalent of dialkyl zinc.
Conclusions
This overview has sulfur as main theme. The brief mention of thiocrown ethers concentrates mostly on synthesis and neither does justice to the sulfide linkage as a ligand for transition metals nor does it pay enough attention to the catalytic potential of many of these metal complexes.
Our observations have been that sulfide often can replace phosphine (it coordinates in general less strongly, that is true) and this can be of industrial interest.
Alcohol dehydrogenase provides a central theme for the study of thiol containing ligands. Most of the attention is devoted to Zn(II) as metal and the complexities of (de)aggregation dominate the chemistry.
Such phenomena lie also at the heart of the observed catalytic reactivity. Little is said of the attractive prospects of these ligands for the complexation of other metal ions. A broad catalytic chemistry involving such ligands is starting to emerge in our group and our hope is that this will form the basis of future reports.
